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Abstract 
Pre-construction Primer (PCP) is an epoxy resin charged with a zinc powder, applied at low thickness to minimize rusting of steel plates during 
storage and fabrication in shipbuilding industries. In this material, the zinc, in contact with the iron support, acts as a sacrificial anode 
protecting the surface from corrosion. However, this coating is problematic when the steel plate requires to be welded. In fact, the solid 
polymeric coating sublimates when exposed at the high temperatures due to the welding process, producing porosity in the welding bead. 
Different methods can be used to remove the primer before the welding: brushing, sand or ice blasting, waterjet, chemical solvent and laser 
cleaning. In this paper, laser cleaning tests were carried out by etching a 10x10 mm2 surface of primer coated steel plate, using a 30 W Q-
Switched Yb:YAG fibre laser. The cleaning tests were carried out varying the scan speed, the pulse power and the distance between two 
consecutive beam travel (Step). From the treated surface analysis, the percentage of cleaned area was obtained and the process parameters were 
correlated to the percentage of cleaned area. The process window where laser cleaning could be successfully performed and the maximum 
process speed were individuate. Finally, observation about the energy consumption and the energy efficiency were reported. 
© 2014 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the International Scientific Committee of “9th CIRP ICME Conference". 
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1. Introduction 
Surface preparation is a demanding technological operation 
in the development of the ship’s hull from primary surface 
preparation of plates, profiles, and flats performed in the 
automatic installation (clean steel surface under the contract is 
defined as surface condition 2.5 according to ISO 8501-1, 
1988). It also includes a basic workshop procedure called 
coating. Shop primer in the film thickness 15-25 μm is used 
for the protection of steel in the process of ship construction 
[1]. Nowadays, priming of carbon involves the using full 
thickness of both organic and inorganic primers intended to 
become the first coat in multi-coat systems [2]. This primers 
are usually called Pre-Construction Primer (PCP). PCP is an 
epoxy resin charged with a zinc powder, applied at low 
thickness to minimize rusting of steel plates during storage 
and fabrication in shipbuilding industries [3-5]. In PCP, the 
zinc, in contact with the iron support, acts as a sacrificial 
anode protecting the surface from corrosion. However, these 
full coat primers hinder progress of welding and led to 
porosities in the welds that compromised the integrity of the 
entire coating system [5, 6]. Different methods can be used to 
remove the primer from the involved area before the welding 
operations: brushing, sand or ice blasting [1, 7-9], fluidized 
bed [8], waterjet [10] and chemical solvent [11]. However, 
adopting these methods the extension of the treated area is 
difficult to control, then it is necessary to depose again the 
coating. Furthermore, the use of abrasives or solvents could 
cause environmental problems and contamination of the 
material. Not all the methods are efficient for in-process 
implementation, neither they are flexible enough to be adapted 
to different coating.  
Laser cleaning represents a promising alternative to the 
aforementioned methods [12-18]. Compared to traditional 
processes, it offers several advantages, including: absence of 
mechanical contact or tool wear, good control of the cleaned 
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area geometry, reduction of secondary pollutants, low energy 
consumption and the possibility to be used in-process. In the 
present paper, laser cleaning tests were carried out by etching 
a 10x10 mm2 surface of primer coated steel plate, using a 30 
W Q-Switched Yb:YAG fibre laser. A 33 full factorial design 
was developed according to the Design of Experiments (DoE) 
methodology. The following control factors were adopted: 
scan speed, pulse power and distance between two 
consecutive scansion (Step). After the tests, images of the 
treated surfaces were acquired and processed. From the 
processed images, the percentage of cleaned area were 
measured at different process conduction. Analysis of 
Variance (ANOVA) was used in order to evaluate the effect of 
the process parameters on the percentage of cleaned area. At 
last, the process window where laser cleaning could be 
successfully performed and the maximum process speed were 
individuate. 
This study is part of a research program aiming to develop 
a smart and sustainable welding system for shipbuilding 
industries based on Vision Systems and Artificial Intelligence 
Control [19-21]. 
2. Materials, equipment and experimental procedures 
2.1. Material 
In shipbuilding industry, coated carbon steel plates of 6 – 
20 mm thickness are usually adopted. In this study the authors 
used 6 mm thickness carbon steel plates coated with a Pre-
Construction Primer, CERABOND 2000 E BASE from 
CHUGOKU Marine Paints. In Table 1 the main components 
of the primer are reported. This coating gives an effective and 
long-term protection against corrosion without suffering from 
blistering and loss of adhesion. The coating thickness, 
measured on the samples using an inductive gauge 3D 
mounted on a surface profiling (Taylor Hobson Talysurf CLI 
2000), was in the range 20-25 μm. 
2.2. Equipment 
The experimental tests were performed using a 30W 
Master Oscillator Power Fibre Amplifier (MOPFA) and Q-
switched pulsed Ytterbium fibre laser (YLP-RA30-1-50-20-20 
from IPG). The laser beam was moved by means of a 
galvanometric mirrors system (by LASIT) and focused by a 
“flat field lens" on the plate surface. The laser system was 
computer controlled, which allows the generation of the 
geometric patterns and the set up of the process parameters: 
average power (Pm), pulse frequency (F), scan speed (Ss). 
Table 2 shows the detailed characteristics of the laser system. 
This kind of lasers is often adopted for marking, trimming 
and micromachining on metals, ceramics and composites 
materials [22-26]. However, in the present work it was 
adopted because of the good absorption of primer filler at the 
Yb:YAG wavelength (λ=1064 nm), the higher pulse power, 
Pp, (up to 20 kW), the possibility to have the maximum power 
(30W) at all the frequencies and for the high efficiency and 
lower power consumption (120W) compared to the traditional 
Nd:YAG or CO2 laser source. This last characteristic is very 
important when environmental as well as process 
sustainability are considered. 
In the adopted laser, for a fixed average power, pulse 
energy (Pe) and pulse power (Pp) depend on pulse frequency, 
as reported in Fig. 1. Pulse energy was calculated as the ratio 
between average power and pulse frequency, and pulse power 
as the ratio between pulse energy and duration. The average 
power was measured using a power meter (F150A-SH thermal 
head and a NOVA display by OPHIR). From Fig. 1, it can be 
noticed that both Pe and Pp decrease as frequency increases. 
Pulse energy and pulse power play a central role in laser 
machining and micromachining since they determine the 
fluence (energy density) and the irradiance (power density) 
and then the laser beam-material interaction mode and the 
amount of machined volume [22-26]. Accordingly and taking 
in account the difficulty to measure the fluence or the 
irradiance, this study focuses on pulse power rather than pulse 
frequency that is a settable parameter. On the other hand, it is 
worth noting that pulse energy and pulse power differ only by 
a constant (the pulse duration), while the frequency and the 
scan speed affect the so-called overlapping factor that is 
another critical parameter in pulse laser applications. 
However, in the present experimentation, the overlapping 
factor was changed in the range 77-95 %. 
Table 1. Primer composition. 
Element 
Weight percentage [%] 
min max 
Zinc powder 25 50 
Xylene 10 25 
Isopropyl alcohol 10 25 
Silica cristaline 5 10 
Zinc oxide 5 10 
Isobutanol 1 5 
 
Table 2. Laser system characteristics. 
Characteristics Symbol Value Unit 
Wavelength  λ 1064 [nm] 
Nominal average power Pm 30 [W] 
Maximum pulse energy* Pe 1 [mJ] 
Maximum peak power* Pp 20 [kW] 
Pulse frequency  F 30÷80 [kHz] 
Pulse duration  Dr 50 [ns] 
Scan speed  Ss  1 ÷ 5000 [mm/s] 
Mode 
TEM 00 -- 
M2 1.2 ÷ 1.5 -- 
Focused spot diameter ** -- ≈ 100 [μm] 
Beam motion by galvo mirror scanner -- 
Working area** 100 x 100 [mm2] 
Power consumption*** 120  [W] 
*At Pm = 30 W and F = 30 kHz. 
** For a “Flat field” lens, with a focal length of 160 mm. 
*** At the max. power output. 
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Fig. 1. Pulse energy (Pe) and pulse power (Pp) as a function of pulse 
frequency for an average power of 30W. The adopted experimental 
conditions are highlighted by the close dots. 
2.3. Cleaning test procedures 
A 33 full factorial design was developed according to the 
systematic approach to planning designed experiments 
proposed in [27] and successfully applied in [24-26, 28, 29]. 
The following control factors were adopted: scan speed, pulse 
power and distance between two consecutive scansion (Step). 
On the coated plate, square patterns of 10x10 mm2 were 
etched by filling the area with parallel lines. This solution was 
selected because in this manner it is possible to simulate the 
effective working mode of the laser: i.e. the laser source 
travels on the plates edges and, simultaneously, the primer is 
removed by swinging the beam orthogonally to the motion 
direction, as shown in Fig. 2. In Table 3 the adopted control 
factors and levels, are reported. The process parameter levels 
were selected on the basis of preliminary tests, excluding the 
process condition that gave rise to a evident incomplete 
treatment. During the tests the laser beam was focussed on the 
primer surface. Finally, four replications were carried out for 
each treatment. After the tests, images of the treated surfaces 
were acquired and the percentage of cleaned area was 
measured on it. Analysis Of Variance (ANOVA) was used in 
order to evaluate the effect of the process parameters on the 
percentage of cleaned area. 
2.4. Image processing and data extraction 
The image processing was considered a critical point for 
the effectiveness of the test results. To avoid influence of the 
acquisition mode or of the image brightness on the analysis 
results, an image standardization process has been developed 
in order to obtained standard grey scale images [30-31]. The 
worked surface were acquired by optical scanner (hp scanjet 
3570c) at 600 and 1200 dpi and 24 bit. The images have been 
processed using Adobe Photoshop r.8.01 and Microsoft Photo 
Editor 3.0.2.3 software packages. The flow diagram of the 
image processing is reported in Fig. 3. First, the image were 
downgrade at 8 bit colours, then the colours were inverted and 
the two colours corresponding to the primer surface have been 
transformed into transparent. The colours were reversed again 
and the value of the white was assigned to the pixels 
corresponding the transparent state. 
Table 3. Adopted control factors and levels. 
Control factors Labels Low (−) Midle (0) High (+) Unit 
Pulse power Pp 12 16 20 [kW] 
Scan speed Ss 600 1000 1400 [mm/s] 
Step  Step 60 90 120 [μm] 
 
 
Fig. 2. Schema of laser cleaning operation. 
 
Fig. 3. Flow diagram of the image elaboration process, on the contrary it is 
possible to remove. 
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After converting them in grey scale mode, the single 
feature (worked area) was extracted. Last Step has been the 
counting of the white pixel (grey level=255) and their 
normalisation to the total number of pixel. The complement to 
1 of this value, multiplied by 100, represents the percentage of 
cleaned area (ClA). It is important to underline that, being the 
ClA a parameter referred to the percentage of the exposed 
surface and not to the removed volumetric quantity, ClA is 
certainly more robust and safe parameter. In other words, the 
achievement of a high value of ClA ensures the removal of a 
high volume of primer. 
3. Results and discussion 
After a preliminary analysis, all the outliers (3 and 1 value 
for the 600 dpi and 1200 dpi images respectively) were 
removed from the data set. It is important to underline that the 
outliers were pertinent to different treatment. Furthermore, 
ANOVA assumes that the observations are normally and 
independently distributed with the same variance for each 
treatment or factor level. Then, before the analysis, the 
ANOVA assumptions have been successfully checked via 
graphical examination of residuals, in agreement with what 
reported in [27]. However, these results were not reported here 
for sake of briefness. The ANOVA was carried out at a 95% 
confidence level (α = 0.05), and the p-value was used to 
determine the significance of the factors or their combination. 
Thus, a single process parameter or an interaction is 
significant if the p-value is less than 0.05.  
The ANOVA result are summarized in Table 4 and Table5 
for the 600 dpi and 1200 dpi respectively. From both the 
tables, all factors and the 2-way interactions are statistically 
significant, while, no statistical evidence of the three factors is 
present. 
In Fig. 4 and Fig. 5 the main effects plot and the interaction 
plot are reported, respectively, for analysis of the images 
obtained at the 1200 dpi. Same results were observed for the 
images obtained at the 600 dpi, not reported yet for sake of 
briefness. From Fig. 4 it is possible to notice that the ClA 
increases increasing Pp or decreasing of Ss and Step.  
To explain this behaviour, some images of samples 
obtained at different Pp and large step (200 or 140 μm) are 
reported in Fig. 6. The samples reported in Fig. 6 are part of 
the preliminary tests made during the experimentation. 
 
Table 4: Analysis of Variance for ClA 600 dpi (%). 
Source  Dof Seq. SS Adj. SS Adj. Ms F-value p-value 
Pp [kW] 2 1116,41 1139,15 569,57 156,64 0,000 
Ss [mm/s] 2 2760,09 2813,13 1406,57 386,83 0,000 
Step [μm] 2 1975,66 1965,11 982,56 270,22 0,000 
Pp*Ss 4 617,83 597,33 149,33 41,07 0,000 
Pp*Step 4 194,90 190,27 47,57 13,08 0,000 
Ss*Step 4 873,84 865,89 216,47 59,53 0,000 
Pp*Ss*Step  8 57,52 57,52 7,19 1,98 0,060 
Error 78 283,62 283,62 3,64   
Total 104 7879,87     
S = 1,90687   R-Sq = 96,40%   R-Sq(adj) = 95,20%. 
Table 5: Analysis of Variance for ClA 1200 dpi (%). 
Source  Dof Seq. SS Adj. SS Adj. Ms F-value p-value 
Pp [kW] 2 1060,18 1043,09 521,55 109,20 0,000 
Ss [mm/s] 2 3308,63 3167,32 1583,66 331,59 0,000 
Step [μm] 2 2534,65 2559,96 1279,98 268,01 0,000 
Pp*Ss 4 497,69 440,47 110,12 23,06 0,000 
Pp*Step 4 143,29 161,19 40,30 8,44 0,000 
Ss*Step 4 909,45 910,19 227,55 47,64 0,000 
Pp*Ss*Step  8 57,49 57,49 7,19 1,50 0,169 
Error 80 382,07 382,07 4,78   
Total 106   8893,46     
S = 2,18539   R-Sq = 95,70%   R-Sq(adj) = 94,31%. 
 
Comparing Fig. 6a to Fig. 6c, where the surface of two 
samples obtained at same scan speed (1400 mm/s) and step 
(200 μm) but using different Pp (20 and 10 kW respectively) 
are reported, it is possible to see an enlargement of the white 
tracks (the un-cleaned surface) of the processed area when the 
pulse power passes from 20 to 10 kW. Similar results are 
observed comparing Fig. 6c to Fig. 6d. Then, the increase of 
the pulse energy (Fig. 1), determines an increase of both 
fluence and irradiance. The fluence affects the ablated 
materials quantities, the irradiance the dimension of the area 
where the ablation threshold is overcome. Consequently, 
increasing the Pp an increase of the ablated volume and an 
increase of the ablated area are obtained.  
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Fig. 4. Main effect plots for ClA (images acquired at 1200 dpi). 
 
Fig. 5. Interaction plots plot for ClA (images acquired at 1200 dpi). 
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On the other hand, the scan speed and the Step affect the 
total energy released for unit area. Furthermore, the Step 
directly affects the area exposed to the laser treatment. The 
result is that decreasing the speed a greater energy is released 
on the same surface. While, decreasing the Step, in addition to 
the increase of released energy, the exposed area also 
increases. The latter is confirmed by comparing the images of 
Fig. 6a and Fig. 6c to Fig. 6b and Fig. 6d respectively.  
About the statistical significance of the effect of the 2-way 
interactions, Fig. 5 explains the indication of ANOVA tables. 
From the figure, no anti-synergic type interactions are 
observable; the significance of two factor interactions is due to 
the variation of the curve slopes, i.e. the effect of a variable 
changes when the other variables change. In particular, the 
variation of the power response is greater when the scanning 
speed or the step are settled at high level (1400 mm/s and 120 
μm) and vice versa. Likewise, the ClA variation due to a 
scanning speed change is greater when the step increases, and 
vice versa. Obviously, high Pp and low Ss and Step involve in 
high percentage of cleaned area and vice versa. 
Since the process time is a critical point for industrial 
applications, a comparison in term of Cleaned area percentage 
and process time is mandatory. In order to study this last topic, 
the process speed to work an area of 10 mm in width was 
calculated as the ratio between the displacement (10 mm) and 
the time required to work a 10x10 mm2 area. To calculate the 
process time (Pt) the following equation was adopted: 
 
Ss
StepHW 
speedscan 
 travelbeam totalPt                               (1) 
where W and H are the width and height of the machined area 
(10 and 10 mm respectively). 
In Fig. 7, the cleaned area percentage is reported as a 
function of the process speed for the different treatments. 
From the figure, a general trend is visible: the ClA decreases 
at the increase of working speed. Furthermore, fixed the scan 
speed, the CLA increases increasing the Pp. On the contrary, 
the standard deviation. At the adopted control factors levels, 
ClA more than 95% is already obtainable at scan speed of 540 
mm/min (as indicate by the red arrow). This is obtained at 
Pp=20 kW, Ss=1000 mm/s and Step=90 μm. In this condition 
a standard deviation of only 1.5 is obtained. This is an 
important result considering that this value is comparable to 
values typical adopted in industrial systems [19-20]. 
Percentage of about 100% are obtained at working speed of 
about 400 mm/s (as indicate by the blue arrow). 
At last, since one of the issues to be addressed in a 
sustainable and smart manufacturing welding system is the 
management of power and total energy consumption, in order 
to investigate also this aspect, the energy consumption to work 
an area of 1 cm2 (Ec) has been computed using the equation: 
PcPtEc                                                                             (2) 
where, in the formula, Pt is the process time calculate by 
eq. 1 and Pc the laser system power consumption (i.e. the 
power absorbed from the distribution network, 120 W).  
Then, the ClA was plotted as a function of Ec and reported 
in Fig. 8. From the figure, it is possible to see that 95-100% of 
ClA are obtainable using about 133 J/cm2 (the point indicate 
by the red arrow). 
 
  
a) b) 
  
c) d) 
Fig. 6. Surfaces before (on right) and after (on left) image processing: a) 20 
kW, 1400 mm/s, 200 μm; b) 20 kW, 1000 mm/s, 140 μm; c) 10 kW, 1400 
mm/s, 200 μm; d) 10 kW, 1000 mm/s, 140 μm. 
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Fig. 7. Cleaned area percentage vs process time. The vertical bars denote 
standard deviation. 
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Fig. 8. Cleaned area percentage vs energy required to work an area of 1 cm2. 
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To obtain a ClA of 100%, only 166 J/cm2 are required (data 
indicate by blue arrow). These values are very small if 
compared to the one adopted in [15-17]. Moreover, it should 
be noted that here it is possible to use a low power source 
(30W) and a low energy consumption (166 J/cm2) thanks to 
the specificity of the source and to the fact that the primer is 
under the form of homogeneous and very thin layer (25 μm). 
4. Conclusion 
A MOPFA and Q-switched Yb:YAG fibre laser was 
successfully used for the ablation of a Pre-Construction 
Primer coating used in shipbuilding industries. On the basis of 
the experimental results, the following main conclusions were 
drawn: 
x all the selected control parameters affect the percentage of 
cleaned area; 
x the percentage of cleaned area increases as the pulse 
energy increases and, conversely, decreases as the scan 
speed and Step decrease; 
x ClA more than 95 %, with a low standard deviation, can 
easily obtained at a working speed of 540 mm/min, this 
last value is compatible with industrial processes features; 
x thanks to the good efficiency of laser source, also the 
energy spent in the process are limited; 
x the results are very interesting in the light of the fact that 
these could be useful used for the development of a 
sustainable and smart manufacturing welding system for 
shipbuilding industries; 
x finally, working speed up to 1,000 mm/min, considered a 
good target, could be easily obtained increasing the 
average power or doubling the laser sources. 
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